Corynebacterium diphtheriae is one of the most prominent human pathogens and the causative agent of the communicable disease diphtheria. The genomes of 12 strains isolated from patients with classical diphtheria, endocarditis, and pneumonia were completely sequenced and annotated. Including the genome of C. diphtheriae NCTC 13129, we herewith present a comprehensive comparative analysis of 13 strains and the first characterization of the pangenome of the species C. diphtheriae. Comparative genomics showed extensive synteny and revealed a core genome consisting of 1,632 conserved genes. The pangenome currently comprises 4,786 protein-coding regions and increases at an average of 65 unique genes per newly sequenced strain. Analysis of prophages carrying the diphtheria toxin gene tox revealed that the toxoid vaccine producer C. diphtheriae Park-Williams no. 8 has been lysogenized by two copies of the tox؉ phage, whereas C. diphtheriae 31A harbors a hitherto-unknown tox ؉ corynephage. DNA binding sites of the tox-controlling regulator DtxR were detected by genome-wide motif searches. Comparative content analysis showed that the DtxR regulons exhibit marked differences due to gene gain, gene loss, partial gene deletion, and DtxR binding site depletion. Most predicted pathogenicity islands of C. diphtheriae revealed characteristics of horizontal gene transfer. The majority of these islands encode subunits of adhesive pili, which can play important roles in adhesion of C. diphtheriae to different host tissues. All sequenced isolates contain at least two pilus gene clusters. It appears that variation in the distributed genome is a common strategy of C. diphtheriae to establish differences in host-pathogen interactions.
C
orynebacterium diphtheriae is an important human pathogen of the genus Corynebacterium and the causal agent of the communicable disease diphtheria (85) . Classical diphtheria is an upper respiratory tract illness initially characterized by a sore throat, low-grade fever, and an adherent membrane (called a pseudomembrane) on the tonsils, pharynx, and/or nasal cavity (24) . The most prominent virulence factor of toxigenic C. diphtheriae strains is a potent A-B exotoxin named diphtheria toxin. It inhibits protein biosynthesis by ADP-ribosylation of elongation factor EF-2 and kills susceptible host cells (28) . As diphtheria toxin is encoded by corynephages, the toxigenicity of C. diphtheriae strains is dependent on their lysogenization by a tox ϩ corynephage (40) . Although the tox gene is part of the phage genome, the regulation of diphtheria toxin expression is under bacterial control, as the corresponding iron-sensing regulator DtxR is encoded by a gene on the C. diphtheriae chromosome. Therefore, transcription of the tox gene is directly linked to bacterial iron homeostasis; i.e., low iron concentrations induce the expression of diphtheria toxin (73) .
C. diphtheriae was first visualized in stained specimens from pseudomembranes by the bacteriologist Edwin Klebs in 1883 (35) , and in 1884, C. diphtheriae was isolated by Friedrich Loeffler and shown to be the cause of diphtheria (43) . In 1890, Emil von Behring isolated the first diphtheria antitoxin from blood samples of an infected horse (84). A few years later, William H. Park and Anna W. Williams isolated a C. diphtheriae strain that produced an unusually large amount of diphtheria toxin, later named the Park-Williams no. 8 (PW8) strain (56) . Since 1923, a diphtheria toxoid vaccine has been produced from diphtheria toxin treated with formalin to inactivate the toxicity and to maintain the immunogenicity of the protein (34) . C. diphtheriae PW8 and derivatives thereof are widely used for the initial production of diphtheria toxin by submerged fermentation, because of their ability to secrete large amounts of toxin into the culture supernatant (31, 52) . C. diphtheriae PW8 is lysogenized by corynephage toxϩ , which moderately differs in its restriction map from the common ␤ toxϩ phage (60) . The toxϩ phage integrated into two nontandem attachment sites within the chromosome of C. diphtheriae PW8, suggesting that the enhanced toxin synthesis is due to a gene dosage effect of the tox gene (59) . Another prominent C. diphtheriae strain is C7(␤) toxϩ , which was introduced into laboratory research on diphtheria in 1953. This strain is based on the originally avirulent C. diphtheriae culture no. 770 (17) and was lysogenized experimentally with corynephage ␤ toxϩ in a study on phage-host relationships of C. diphtheriae strains (3) . Since then, C. diphtheriae C7(␤) toxϩ has been used worldwide as a reference strain for genetic research on iron metabolism and the regulation of tox gene expression. An initial genome comparison of C. diphtheriae C7(Ϫ) and C. diphtheriae PW8 based on genomic hybridization showed remarkable differences in the distribution of predicted pathogenicity islands (PAIs) and provided the first insights into the diversity of clinical isolates (31) .
Up to now, diphtheria has been very effectively controlled in developed countries by an efficient immunization program (83) . However, the disease has made a dramatic return in recent years, in particular within Eastern Europe. The largest outbreak since the advent of mass immunization started within Russia and the newly independent states of the former Soviet Union in the 1990s (12) . In 2003, the genome of a clinical isolate related to this outbreak (C. diphtheriae NCTC 13129) was sequenced at the Sanger Institute to identify candidate virulence factors besides the toxin itself, like iron transport systems and fimbrial proteins (7) .
Although C. diphtheriae is of great medical importance and (genetic) research has been performed for more than a century, very little is currently known about the molecular basis of pathogenicity and factors contributing to virulence of nontoxigenic C. diphtheriae isolates. In the present study, we extended the genetic knowledge of the species C. diphtheriae by performing comparative analysis of the complete genome sequences of isolates from patients with classical diphtheria, endocarditis, or pneumonia. In the following sections, we present the results of this sequencing project and the comparison of 13 genome sequences, including those of the widely used strains C. diphtheriae PW8 and C. diphtheriae C7 (␤) toxϩ . These data open the way to describe the genome of C. diphtheriae at the species level by pangenomics. The microbial pangenome is defined as the full complement of genes in a bacterial species and comprises the "core genome," containing genes present in all isolates of a species, and the "dispensable genome," containing genes present only in a subset of genomes (48) . This global view on the gene content of C. diphtheriae provides a more accurate account of features associated with the lifestyle and virulence of a human pathogen (26) . Moreover, this pangenomics project provides a novel perspective on the evolution of the human-pathogenic species C. diphtheriae.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All C. diphtheriae strains sequenced in this study are listed in Table 1 . The isolates were provided by the strain collection of the University of Rio de Janeiro State (Rio de Janeiro, Brazil). C. diphtheriae PW8 and C7(␤) toxϩ were obtained from the strain collection of the Food and Drug Administration (Bethesda, MD). All C. diphtheriae strains were routinely grown at 37°C in brain heart infusion (BHI) broth or on Columbia agar supplemented with 5% sheep blood.
Preparation of chromosomal DNA for genome sequencing. The purification of chromosomal DNA from C. diphtheriae was performed as described previously (80) . Briefly, 50-ml aliquots of bacterial cultures grown for 48 to 72 h in BHI broth were centrifuged at 4°C and 2,000 ϫ g for 20 min. The resulting cell pellets were resuspended in 0.6 ml of TrisNaCl buffer (10 mM Tris [pH 7.0], 10 mM EDTA, 300 mM NaCl) and transferred to VK01 Precellys lysing tubes. The bacterial cells were lysed by means of a Precellys 24-Dual tissue homogenizer using two cycles of 6,500 rpm for 15 s with an interval of 30 s. The chromosomal DNA was subsequently purified by extraction with phenol-chloroform-isoamyl alcohol (25:24:1) and precipitated with ethanol. For the isolation of chromosomal DNA from C. diphtheriae PW8 and C7(␤) toxϩ , both strains were grown overnight in 3 ml of BHI medium at 37°C, with shaking. Cells were pelleted by centrifugation at 5,000 ϫ g for 5 min, and the supernatant was discarded. The cell pellet was resuspended in phosphate-buffered saline (PBS) containing 10 mg/ml lysozyme and incubated at 37°C for 30 min. Following the incubation, the cells were pelleted as described above and the supernatant was discarded. The cell pellet was resuspended in 25 l of PBS, and chromosomal DNA was isolated using the MasterPure DNA purification kit (Epicentre Technologies, Madison, WI). DNA concentrations were determined with a Tecan Infinite 200 microplate reader.
Genome sequencing of the selected C. diphtheriae strains. Purified genomic DNA from C. diphtheriae was sequenced with the Genome Sequencer FLX Instrument and titanium chemistry (Roche Applied Science) using a quarter of a PicoTiter Plate per strain. Single-stranded template DNA libraries were established by using 5 g of genomic DNA. The preparation of DNA libraries was carried out according to standard protocols from Roche Applied Science. DNA concentrations of the DNA libraries were measured with the Agilent RNA 6000 Nano kit. The resulting genomic DNA sequences were assembled with the Newbler Assembler software (version 2.5.3) using default parameters.
For subsequent gap closure, in silico predictions of the contig order were computed by the related reference contig arrangement tool r2cat (30) using the default parameters of the integrated q-gram filter and the C. diphtheriae NCTC 13129 genome sequence as a reference. Based on a sliding-window approach that determines the position of a contig on the reference genome, all matching regions were displayed in an interactive synteny plot, wherein the contigs were oriented automatically according to their matches (30) . The remaining gaps in the genome sequences were closed by PCR strategies using genomic template DNAs and Phusion hotstart high-fidelity DNA polymerase (Finnzymes). The PCR assays were performed according to standard protocols from Finnzymes using 1 M betain for efficient denaturation of DNA secondary structures. All contigs and additional DNA sequences were uploaded into the Consed program (20) to finish the genome sequences of the selected C. diphtheriae strains.
Annotation and bioinformatics analysis of the complete genome sequences. Initial automated annotations of the assembled genome sequences of the C. diphtheriae strains were performed with the GenDB 2.2 system (49). It combines different gene prediction strategies that were executed by means of REGANOR (42), GLIMMER 2.1 (11) , and the CRITICA program suite (2) in conjunction with postprocessing by the RBSfinder tool (69) . Functional characterization of the predicted proteins was performed by automated searches in public databases, including Swiss-Prot, TrEMBL, Pfam, TIGRFAM, KEGG, COG, CDD, and Interpro (49) . Metabolic pathways were annotated by means of in silico reconstructions of metabolic networks with the software CARMEN using metabolic pathway information from the KEGG database and manually curated SBML templates (64) . The predicted C. diphtheriae proteins were mapped onto the SBML templates using bidirectional best BLASTP hits and the scoring matrix BLOSUM62 with an E-value cutoff of 1 ϫ 10 Ϫ10 . The comparative annotation tool provided by the software EDGAR was used for manual data curation and a consistent annotation of the sequenced C. diphtheriae genomes (4). Clustered regularly interspaced short palindromic repeats (CRISPRs) and cas genes were detected with the CRISPRFinder tool (23) . Secreted proteins were detected with SignalP 4.0 using default settings for Gram-positive bacteria (57) . Genomic islands and candidate pathogenicity islands were identified with the pathogenicity island prediction software PIPS (68) . For this purpose, PIPS performs a combined analysis based on the presence of the following features: (i) deviation from the mean GϩC content, (ii) deviation from the codon usage using Colombo-SIGI-HMM, (iii) prediction of flanking tRNAs based on tRNAscan-SE, (iv) prediction of transposases using HMMER3 and Pfam models, (v) prediction of virulence factors based on mVirDB, and (vi) the absence of the putative islands in nonpathogenic bacteria of related species using Artemis and ACT (68) . The genome sequence of the nonpathogenic species Corynebacterium glutamicum ATCC 13032 was used as a reference (33) .
Comparative genomics and pangenomics. All comparative analyses of the sequenced C. diphtheriae genomes were performed with EDGAR software (4) . Comparative analysis at the protein level was based on an all-against-all comparison of the predicted proteomes. The algorithm used was BLASTP with the standard scoring matrix BLOSUM62 and an initial E-value cutoff of 1 ϫ 10 Ϫ5 . All BLAST hits were normalized in relation to the best score possible, i.e., the score of a hit of the query gene against itself (4) . By dividing the scores of further hits by this best score, a similarity to the best in percent is obtained, the so-called score ratio value (SRV) that reflects the quality of the hit (41) . Two genes were considered orthologous when exhibiting a bidirectional best BLAST hit with single SRVs exceeding the precalculated corynebacterial cutoff of 76 (4) . The core genome was calculated, based on this information, as the set of genes that are orthologous in all sequenced C. diphtheriae strains. A phylogenetic tree was constructed by aligning all orthologous genes of C. diphtheriae and masking nonmatching parts of the alignments. The remaining data were concatenated and used for the calculation of a distance matrix, which provides the input for the neighbor-joining method as implemented in the PHYLIP package (13) . All genes of the reference genome C. diphtheriae C7(␤) toxϩ were selected as a basis for calculating the pangenome of C. diphtheriae. These genes were compared to those of a second C. diphtheriae genome, and all nonorthologous genes were added to the pangenome. By iteratively repeating this process for all remaining genomes, the gene composition of the final pangenome was deduced (4) . The development of the pangenome in dependence on the number of sequenced genomes was calculated by Heaps' law as proposed previously (76) . The relevant parameters and ␥, as well as the confidence intervals, were estimated using the nonlinear least-squares curve fitting with the statistical computing language R.
Whole-genome alignments of the C. diphtheriae sequences were calculated using the software Mauve with default parameters (10) . Mauve facilitates the accurate detection of rearrangement breakpoints when genomes have unequal gene contents based on an alignment objective score, called a sum-of-pairs breakpoint score. For comparative analysis of the gene composition of DtxR regulons, DNA motif discovery was performed with a hidden Markov model using previously detected DtxR binding sites (6) as input for the HMMER software suite (14) . ClustalW2 (39) was used to align the protein sequences of pilus shaft proteins and their related sortases. Phylogenetic trees of pilin-specific sortases, shaft proteins, tip pilins, and base pilins were generated with the neighbor-joining algorithm using MEGA 4.0 software (72) . Nucleotide sequence accession numbers. The annotated genome sequences of the C. diphtheriae strains have been deposited in the GenBank database with the following accession numbers: C7(␤) toxϩ , CP003210; PW8, CP003216; CDC-E8392, CP003211; 31A, CP003206; 241, CP003207; VA01, CP003217; HC01, CP003212; HC02, CP003213; HC03, CP003214; HC04, CP003215; INCA 402, CP003208; and BH8, CP003209.
RESULTS
General features of the sequenced C. diphtheriae genomes. In this study, 12 C. diphtheriae genomes, including the widely used laboratory strain C7(␤) toxϩ and the prominent toxoid vaccine producer PW8, were sequenced by pyrosequencing with the 454 GS FLX system ( Table 1) . As infections with C. diphtheriae can cause different diseases in humans (29, 50) , the strains selected for genome sequencing were originally isolated from patients with classical diphtheria, blood cultures of patients with endocarditis, and a rare case of pneumonia in a cancer patient ( Table 1 ). The sequencing depth of the C. diphtheriae genomes ranged from coverages of 29-fold to 55-fold, while the average number of assembled contigs ranged from 33 to 73 (data not shown). After gap closure, the genomic sequences were assembled to circular chromosomes 2.395 Mb (C. diphtheriae VA01) to 2.535 Mb (C. diphtheriae 31A) in size ( Table 1 ). The average GϩC content of each genome is in the range of 53%, which is consistent with the GϩC content detected previously in the genome of C. diphtheriae NCTC 13129 (7). To ensure consistent annotations of all C. diphtheriae genomes, the "comparative annotation function module" of the EDGAR software was used for functional assignments of protein-coding genes (4). Manual annotation of the 12 C. diphtheriae chromosomes and concurrent reannotation of the NCTC 13129 genome (9) revealed a median number of 2,294 proteincoding genes for each strain, with the lowest number, 2,196 genes, annotated in the genome of C. diphtheriae VA01 and the highest number, 2,402 genes, in the genome of C. diphtheriae 31A (Table  1) . For the laboratory strain C. diphtheriae C7(␤) toxϩ , annotation of the 2,499,189-bp chromosome revealed 2,350 protein-coding genes, while the chromosome of the toxoid vaccine producer C. diphtheriae PW8 has a size of 2,530,683 bp, with 2,361 predicted protein-coding genes (Table 1) .
Phylogenetic tree of the sequenced C. diphtheriae strains. To evaluate the relationship of the 13 hitherto-sequenced C. diphtheriae strains, a dendrogram based on allelic differences in the following standard set of housekeeping loci (32) was calculated: ATP synthase ␣ chain (atpA), DNA polymerase III ␣ subunit (dnaE), chaperone protein DnaK (dnaK), elongation factor G (fusA), 2-isopropylmalate synthase (leuA), 2-oxoglutarate dehydrogenase E1 and E2 components (sucA), and DNA-directed RNA polymerase ␤ subunit (rpoB). Allelic numbers were assigned by performing BLASTN similarity searches against corresponding genes collected in the multilocus sequence typing (MLST) database mlstdbNet (32) and used to deduce a phylogenetic tree with the PHYLIP package (Fig. 1A) . C. diphtheriae INCA 402, isolated from a pneumonia patient and assigned to the biotype belfanti (82) , constituted a distinct subline within the phylogenetic tree, separating it from the other sequenced strains originally isolated from cases of diphtheria and endocarditis. The latter strains show a high degree of genetic diversity, even if they were isolated in the same hospital from patients with similar clinical symptoms, like strains HC01, HC02, HC03, and HC04 (Fig. 1A) . The most closely related pair of strains comprises the tox-negative isolates C. diphtheriae 241 (diphtheria) and C. diphtheriae HC01 (endocarditis), which show identical MLST profiles (Fig. 1A) .
Another method to determine the phylogenetic relationship of corynebacterial strains is spoligotyping, which is based on arrays of so-called clustered regularly interspaced short palindromic repeats (CRISPRs) (51) . These arrays are composed of direct repeats that are separated by nonrepetitive, similar-sized spacers. Together with their associated cas genes, CRISPR arrays can confer resistance to phages by RNA interference-like mechanisms (74) . Targets for spoligotyping are the spacer regions between the direct repeats, as variations in the number or nucleotide sequence of spacers may provide patterns for the differentiation between subtypes of bacterial isolates (22) . Three different types of CRISPR arrays were detected in the genomes of the sequenced C. diphtheriae strains (Table 1) . CRISPR type I is composed of three cas genes (cas1 to cas3), and the number of associated spacers ranged from 1 (C. diphtheriae BH8) to 28 (C. diphtheriae 31A). The type I CRISPR array was detected in the genomes of eight strains (Table  1) . C. diphtheriae strains NCTC 13129, 241, and HC01 harbor the additional CRISPR type II, which contains eight cas genes (cas4 to cas11). The number of repeats in these arrays ranged from 4 (C. diphtheriae 241 and HC01) to 26 (C. diphtheriae NCTC 13129). A perfect match of both CRISPR types was detected in the closely related strains C. diphtheriae 241 and HC01, as these genomes encode exactly the same CRISPR arrays. CRISPR type III is present . Allelic profiles of the housekeeping genes were determined according to references deposited in the C. diphtheriae MLST database mlstdbNet. The dendrogram was calculated with the PHYLIP package using the unweighted-pair group method with arithmetic mean (UPGMA). The core genome of C. diphtheriae was deduced with EDGAR software and includes 1,632 genes. The dendrogram was calculated with the EDGAR system using the neighbor-joining method.
in five C. diphtheriae genomes (Table 1) , with various numbers of repeats ranging from 12 (C. diphtheriae CDC-E8392) to 42 (C. diphtheriae HC03). The type III CRISPR array is flanked by eight cas genes (cas12 to cas19). The comparison of the identified spacer sequences revealed that only 48 out of the 219 spacers are shared by two or three C. diphtheriae strains (data not shown), supporting the view that CRISPR arrays provide a solid basis to discriminate effectively between different C. diphtheriae isolates (51) .
Pairwise comparison of the sequenced C. diphtheriae strains. To obtain more detailed insights into the genetic diversity of the sequenced C. diphtheriae strains, the software EDGAR was used to calculate the so-called "similarities" (genes shared by two strains), "differences" (genes not shared by a strain pair), and "pair-uniques" (genes only present in two selected strains) for all possible pairs of strains (Fig. 2) . The mean number of similarities between two C. diphtheriae strains comprises 1,903 Ϯ 54 orthologous genes, while the mean number of differences comprises 644 genes (with a high standard deviation, Ϯ134), indicating the large variability of the gene content in the selected C. diphtheriae strains. The highest number of orthologous genes (i.e., 2,201) and the smallest number of differences (i.e., 64) were calculated for the strain pair C. diphtheriae 241 and C. diphtheriae HC01 (Fig. 2) , supporting their close relationship already observed in the phylogenetic tree based on allelic profiles (Fig. 1A) . The highest number of differences (838) was detected in the strain pair C. diphtheriae C7␤ toxϩ and C. diphtheriae HC02, although both belong to the same subline of the phylogenetic tree (Fig. 1A) . The lowest number of similarities, with only 1,831 shared genes, was calculated for the strain pair C. diphtheriae PW8 and C. diphtheriae 241 (Fig. 2) , both isolated from patients with classical diphtheria but in different countries and about 100 years apart ( Table 1 ). The number of pair-uniques was strikingly low, with a mean number of five genes shared by only two C. diphtheriae strains. The detected sets of pair-uniques mainly comprise genes for transposases or their inactivated derivatives and genes encoding uncharacterized transporters (data not shown). The highest number of pair-uniques (101) was detected in the closely related strains C. diphtheriae 241 and C. diphtheriae HC01 (Fig. 2) . On the other hand, no pairuniques were detected in 15 pairs of C. diphtheriae strains, indicating that the current collection of sequenced genomes largely reflects the gene content of the species C. diphtheriae.
For further comparative genomics studies, the annotated protein-coding sequences were grouped into three categories: "core genes" (conserved in all sequenced C. diphtheriae strains), "singletons" (genes present in a single strain only), and "distributed genes" (shared by a subset of two or more strains). The bioinformatics analysis of the respective categories provided knowledge of the core genome, strain-specific functions eventually associated with pathogenicity, and the pangenome of the species C. diphtheriae. Deduced core genome of the species C. diphtheriae. The number of core genes of C. diphtheriae was determined with the software EDGAR using bidirectional best BLASTP hits with the precalculated score ratio value of 76 as a cutoff. Based on a series of calculations using all genomes individually as a reference, the core genome of the hitherto-sequenced C. diphtheriae strains comprises 1,632 genes that are therefore highly conserved in this species. A phylogenetic tree of the C. diphtheriae strains was constructed using a concatenated multiple alignment of the detected core genes and a distance matrix, which was calculated with the Kimura algorithm (Fig. 1B) . This genome-based approach revealed a different phylogenetic relationship of the 13 C. diphtheriae strains compared with the MLST profile (Fig. 1A) . The use of a multitude of core genes for genome comparison apparently provided a greater taxonomic resolution of the clinical isolates and showed a close relationship between the widely used strains C. diphtheriae PW8 and C. diphtheriae C7(␤) toxϩ (Fig. 1B) . To deduce the development of the core genome in dependence on the number of sequenced C. diphtheriae strains, the median number of core genes in each genome was calculated based on the permutation of all possible genome comparisons (Fig. 3) . These data revealed that the number of core genes is approaching a curve with 422.803 ϫ e (Ϫx/4.258) ϩ 1,611.762, with x being the number of sequenced C. diphtheriae genomes and e being Euler's number. Hence, the number of core genes present in the species C. diphtheriae will comprise about 1,611 protein-coding genes when adding further genome sequences to the current data set. This value revealed a distinct genetic backbone of the species C. diphtheriae, which includes approximately 70% of the gene repertoire of the sequenced strains. In other words, about 30% of the gene content of C. diphtheriae strains is variable to some extent and therefore belongs to the dispensable portion of the genomes. The number of core genes of C. diphtheriae is notably high compared to the previously published corynebacterial backbone of 835 genes calculated with genomic data from the pathogenic and nonpathogenic species C. diphtheriae, Corynebacterium jeikeium, Corynebacterium efficiens, and C. glutamicum (86) . However, this difference can be explained by the very close relationship of the C. diphtheriae isolates belonging to the same corynebacterial species. The core genome of C. diphtheriae comprises genes for components of the central carbon and energy metabolism, biosynthesis routes for amino acids, cofactors, purines, and pyrimidines, the basic machineries involved in cell wall formation, DNA replication, DNA repair, transcription, and protein biosynthesis, as well as conserved transcriptional regulatory systems. A remarkably high number of 493 core genes encode proteins with only poorly characterized functions (data not shown).
The highly conserved genomic backbone of the species C. diphtheriae was visualized by a whole-genome alignment of the 13 sequenced strains with the software Mauve (Fig. 4) . Less conserved areas of the genomes are mostly located around the origin of replication (oriC), indicated by the multitude of short conserved blocks interrupted by nonconserved segments (Fig. 4) . These genomic areas often include hot spots of insertion sequences and remnants of these elements. Bacterial insertion sequences and their encoded transposases facilitate the formation of DNA inversions, deletions, and replicon fusions, thereby promoting genomic rearrangements (66) . A total number of 979 transposase genes were identified in the 13 C. diphtheriae genomes (Table 1) , representing about 3.3% of the protein-coding regions of an individual strain and probably playing a significant role in genome evolution. The number of transposase genes varied from (Table 1) . A nucleotide sequence comparison among the transposase genes revealed a large diversity of mobile elements present in C. diphtheriae, as the remarkable number of 413 different insertion sequences was found in the genome data. Most elements are characterized by a low copy number and are present in only a few strains. On the other hand, the ISCod5 element represented by DIP0843 and orthologous genes is distributed in all sequenced C. diphtheriae strains, albeit with different copy numbers.
To analyze the correlation between the presence of insertion sequences and less conserved areas of the C. diphtheriae genomes, the positions of transposase genes were plotted onto the genome sequences of the 13 C. diphtheriae strains (Fig. 4) . A preferred integration of insertion sequences around oriC and between conserved blocks of core genes was observed in all C. diphtheriae genomes. This preference might be due to a gene dosage effect of genes around oriC during DNA replication. Previous studies showed that the copy numbers of origin-proximal genes in rapidly growing cells were 2-fold to 4-fold enhanced compared to those of genes flanking the terminus region (67) . Mobile elements are also important components facilitating the spread of antibiotic resistance genes by horizontal gene transfer (63) . The genome of the antibiotic-resistant isolate C. diphtheriae BH8 contains a gene region comprising the known resistance determinants cmx, sul1, and tet(W), probably conferring resistances to chloramphenicol, sulfonamides, and tetracyclines in corynebacteria (65) . This gene region is also flanked by insertion sequences, suggesting that it has been acquired by C. diphtheriae BH8 via transpositional integration into the chromosome (Fig. 4) .
Singletons of the sequenced C. diphtheriae strains. The bioinformatics detection of singletons revealed the average number of 61 Ϯ 43 strain-specific genes per sequenced C. diphtheriae isolate (Table 1) . To characterize the development of the number of singletons in dependence on the number of sequenced C. diphtheriae genomes, the median number of strain-specific genes was determined using the permutation of all possible genome comparisons (Fig. 3) . The respective calculation indicates that the number of singletons is approaching a curve with 474.448 ϫ e (Ϫx/2.897) ϩ 65.198, with x being the number of sequenced C. diphtheriae genomes and e being Euler's number. Hence, the median number of singletons estimated to occur in additionally sequenced C. diphtheriae isolates comprises about 65 protein-coding genes. The lowest number of singletons was found in the genome of C. diphtheriae 241, with only 6 out of the 2,260 annotated genes denoted as strain specific (Table 1) . However, the number of singletons in C. diphtheriae C7(␤) toxϩ is approximately twice the calculated mean of 65 singletons per additionally sequenced strain, as the highest number of strain-specific genes (126) was detected in this genome. About 61% of these genes were classified as transposases (14 genes) or prophage-related coding regions (63 genes). The respective corynephage integrated into an attachment site within the tRNA Leu gene at about 1.08 Mb on the genomic map of C. diphtheriae C7(␤) toxϩ (Fig. 4) . The presence of the 57-kb prophage region in the chromosome of C. diphtheriae C7(␤) toxϩ was evident from the whole-genome alignment, as it revealed no similarities to the other genomes at the nucleotide level. In principle, the detected prophage singletons are clustered in the C. diphtheriae genomes and indicate that different phages or remnants thereof are present in the genomes of the selected strains.
In the case of C. diphtheriae PW8, the number of singletons was also above average and calculated as 101 ( Table 1 ). The majority of these genes encode subunits of putative adhesive pili, which play an important role in adhesion of C. diphtheriae to host tissues (46) . The respective gene cluster is characterized by numerous mobile elements leading to gene disruptions and deletions in this genomic region (CDPW8_0225 to CDPW8_0252). It is located in the immediate vicinity of the duplicated prophage harboring the tox genes for diphtheria toxin (CDPW8_0179 and CDPW8_0220) and displayed no similarities to any of the other genomes (Fig. 4) . This result indicates that singletons may contribute to important strain-specific features which are relevant for the pathogenicity of C. diphtheriae.
Deduced pangenome of the species C. diphtheriae. The pangenome of a bacterial species includes core genes (conserved in all strains), singletons (strain-specific genes), and distributed genes (48) . The latter coding regions are shared by at least two strains and are thus part of the variable gene content of C. diphtheriae, in addition to the 793 genes assigned as singletons (Table 1) . To calculate the full complement of protein-coding regions in the sequenced C. diphtheriae strains, the number of distributed genes was finally determined as 2,361. Accordingly, the sum total of genes included in the pangenome of the sequenced C. diphtheriae toxϩ ; ϩP, prophages and adjacent pilus gene cluster in PW8; tox, tox ϩ prophage in 31A; AB, antibiotic resistance gene region in BH8. strains comprises 4,786 genes. This number is about three times the size of the deduced core genome. The further trend of the pangenome size was calculated based on Heaps' law: n ϭ ϫ N ␥ , with N being the number of sequenced genomes (77) . According to the number of genes annotated in the sequenced C. diphtheriae genomes, was determined as 2,130.67 and ␥ as 0.306. Hence, the number of genes added to the pangenome with additionally sequenced C. diphtheriae strains will increase with an ␣ of 0.69 per newly sequenced genome (Fig. 5 ). This value is consistent with the continually increasing number of singletons per sequenced strain (Fig. 3) and indicates an open pangenome for the species C. diphtheriae (77) . A pangenome is considered open when each newly sequenced bacterial strain can be expected to reveal some genes unique within the species, regardless of the number of alreadyanalyzed genomes (25) .
Comparison of the sequenced tox ؉ corynephages. Prophages harboring the tox gene for diphtheria toxin were identified in C. diphtheriae strains C7(␤) toxϩ , CDC-E8392, PW8, and 31A, in addition to the tox ϩ prophage known from C. diphtheriae NCTC 13129 (Fig. 6 ). Two copies of corynephage toxϩ were detected in the genome of C. diphtheriae PW8, as deduced previously from restriction endonuclease maps of phage DNA (60) . The two toxϩ phages are almost identical, as they show only five nucleotide mismatches in their 36-kb genomes. The nontandem copies of the prophage are separated by a 2-kb gene region coding for a putative membrane protein (CDPW8_0180) that is flanked by two copies of a tRNA Arg gene in all C. diphtheriae genomes. The tRNA Arg gene located downstream of CDPW8_0180 and its orthologous counterparts usually provide the attachment site attB for corynephages and ␤ (61). In the case of C. diphtheriae PW8, the toxϩ phage integrated into both tRNA Arg genes present on either side of CDPW8_0180, explaining the nontandem arrangement of the prophage genomes. Nucleotide sequence alignments of the identified tox ϩ prophages revealed that the toxϩ phage of C. diphtheriae PW8 is homologous to corynephage ␤ toxϩ that has been integrated into the genome of the previously avirulent strain C. diphtheriae C7 (Fig. 6 ). This observation confirms an early study demonstrating by restriction mapping that the two phages differ in only three genomic regions (60) . Likewise, the prophage detected in C. diphtheriae CDC-E8392 is highly similar to corynephage ␤ toxϩ , whereas the previously reported prophage of C. diphtheriae NCTC 13129 shows greater divergence from the nucleotide sequence and gene content of the ␤ toxϩ phage (Fig. 6) . A remarkably different tox ϩ corynephage was detected in the genome of C. diphtheriae 31A (Fig. 6) . The highest similarity at the nucleotide level to ␤-like phages is observed at the right-hand end of the prophage genome. This region harbors the diphtheria toxin gene (Fig. 6) and is specified by a decreased GϩC content of 42.54%. It is interesting that all tox genes detected in this study showed a perfect nucleotide sequence identity, with the exception of a single nucleotide exchange in the respective gene of C. diphtheriae CDC-E8392. On the other hand, several proteins encoded by genes in the prophage region of C. diphtheriae 31A are homologous to those identified in prophage CULC22IV, which is present in the genome of the closely related tox-negative strain C. ulcerans BR-AD22. The respective prophage has a size of 41 kb, comprises 53 genes, and has been integrated into a tRNA Thr gene of Corynebacterium ulcerans (79) . It has been proposed previously that the diphtheria toxin gene was acquired by corynephage ␤ due to the terminal location of tox in the genome of the prophage and the significantly decreased GϩC content of this gene region (7) .
The detection of an identical tox gene in the prophage of C. diphtheriae 31A indicates that the acquisition of the diphtheria toxin gene occurred independently in two different corynephages or that gene shuffling occurred frequently in corynephages.
Variations in gene composition of the iron-dependent DtxR regulons. The diphtheria toxin repressor DtxR of C. diphtheriae is known as an iron-dependent regulator that controls the transcription of the diphtheria toxin gene tox and a complex gene-regulatory network involved in iron homeostasis (6) . In the case of a low iron concentration, DtxR is inactivated and transcription of the tox gene is induced (15) . As iron is an essential cofactor for proteins involved in important cellular functions, such as respiration and DNA biosynthesis, iron limitation is a common strategy by the mammalian host to suppress bacterial growth (1) . Therefore, pathogenic bacteria have to compete for iron in the host to establish an infection, a mechanism that is coupled with the expression of diphtheria toxin in tox ϩ strains of C. diphtheriae (54) . To perform a genome-wide detection of DtxR binding sites, the functional annotations of the C. diphtheriae genome sequences were combined with bioinformatics motif searches based on hidden Markov models (6) . This approach resulted in the prediction of 36 different DtxR binding sites in the genome sequences of the 13 C. diphtheriae strains, of which 26 binding sites were detected in front of highly conserved genes or gene clusters (Fig. 7) . These highly conserved parts of the DtxR regulon comprise the diphthe- ria toxin gene in tox ϩ strains and two iron-dependent ABC-type transport systems: the previously described frgCBAD genes (38) and the newly identified iutABCDE gene cluster. Likewise, genes involved in hemin utilization (hmuTUV), the corresponding hemin binding protein genes (htaABC), and the hmuO gene, which encodes heme oxygenase, are highly conserved (Fig. 7) . In addition to the htaA and htaB genes, several strains feature the chtA and chtB genes that code for homologs of HtaA and HtaB and also comprise DtxR binding sites in their promoter regions. Likewise, some C. diphtheriae strains harbor the DtxR-regulated gene clusters irp1ABC and iusABCDE, both encoding ABC-type iron uptake systems (Fig. 7) .
Moreover, pathogenic bacteria can synthesize and secret highaffinity iron chelators for efficient iron acquisition, termed siderophores (8) . Up to now, the sidBA genes and the ciuEFG gene cluster were assigned functions in siderophore biosynthesis of C. diphtheriae (37, 38) . The ciuEFG gene cluster and the associated siderophore-dependent iron uptake system genes ciuABCD are highly conserved parts of the DtxR regulon in all sequenced C. diphtheriae strains, while the sidBA genes were completely lost in the genomes of C. diphtheriae 241, HC01, and BH8 (Fig. 7) . The sidBA gene region also comprises the cdtQ and cdtP genes, encoding a permease and an ATPase, respectively. The DtxR binding site of this cluster is located between the sidB gene and the ddpABCD gene cluster, probably coding for an iron-dependent ABC transport system. Interestingly, the genes cdtQP and ddpABCD and a remnant of the sidB gene including the associated DtxR binding site were found in the genomes of C. diphtheriae C7(␤) toxϩ and INCA 402 (Fig. 7) . These strains contain an additional gene cluster for siderophore biosynthesis and secretion, which is located downstream of the gene coding for the iron-regulated protein 2 (IRP2). This cluster comprises nine genes, of which the largest coding regions, irp2C and irp2F, yield amino acid sequence similarities with nonribosomal peptide synthetases from Burkholderia cenocepacia PC184 (AAKX00000000) and Ralstonia solanacearum IPO1609 (NW_002196568). A putative iron-dependent siderophore uptake system is encoded by the associated irp2JKLMN genes. C. diphtheriae strains containing all three gene clusters for siderophore biosynthesis and transport are CDC-E8392 and 31A, while the other isolates lack either one or two of the described gene clusters (Fig. 7) . Furthermore, the iron-regulated nitrate reductase genes narKGHJI are conserved in all sequenced C. diphtheriae genomes. The assigned DtxR binding site is depleted by the integration of an insertion sequence located upstream of the gene cluster in the genomes of C7(␤) toxϩ , PW8, VA01, INCA 402, and BH8 (Fig. 7) . Accordingly, the reconstruction and comparison of DtxR regulons participating in iron homeostasis of C. diphtheriae led to the detection of variations in gene composition due to gene gain, gene loss, partial gene deletion, and DtxR binding site depletion.
Distribution and gene content of genomic islands. Further factors besides the tox gene are apparently important for the virulence of C. diphtheriae, as invasive infections caused by nontoxigenic strains have been increasingly reported over the past years (19) . Additional virulence factors can be encoded in genomic islands (GEIs) of the C. diphtheriae genome, which often show characteristics of horizontal gene transfer (7) . The recently developed software PIPS was used for the detection of GEIs in the sequenced C. diphtheriae strains (68) . In total, 57 GEIs were identified in the 13 C. diphtheriae genomes (see Table S1 in the supplemental material). Comparative content analysis of the detected GEIs revealed that some islands are strain specific, whereas others are completely or partially conserved in more than one strain. Eight GEIs can be regarded as highly conserved in all C. diphtheriae genomes (Fig. 8) . According to the predicted gene content, the GEIs can be classified as pathogenicity islands, resistance islands, phage islands, or metabolic islands. Many GEIs (19 out of 57) assigned as phage islands encode typical phage products, and the respective regions of the C. diphtheriae genomes can be regarded as remnants of prophages. GEIs encoding proteins involved in specific metabolic pathways were assigned as metabolic islands of the C. diphtheriae genome. GEI48, for instance, carries genes involved in the degradation of 3-hydroxyphenylpropionic acid to succinate, pyruvate, and acetaldehyde, whereas other metabolic islands encode enzymes involved in polysaccharide degradation (GEI04) or components of sugar transport systems (GEI41). The majority of the resistance determinants of C. diphtheriae are encoded by genes located within GEI32, GEI38, and GEI54. These genomic islands encode proteins for heavy metal ion resistance, such as cadmium, copper, mercury, and arsenic resistance, and the clustered antibiotic resistance determinants in the genome of C. diphtheriae BH8.
The detected GEIs also include the previously identified pathogenicity islands (PAIs) of C. diphtheriae NCTC 13129 (Fig. 8) . These PAIs comprise the ␤ toxϩ prophage region (GEI01), the spa-DEF (GEI02) and spaABC (GEI10) gene clusters encoding adhesive pili, and the cdtQP-sidBA-ddpABCD gene cluster for siderophore biosynthesis and transport (GEI12) (7) . Moreover, the software PIPS detected additional PAIs in the genome of C. diphtheriae NCTC 13129, including the irp6ABC genes for a siderophore-dependent iron uptake system (GEI15) and the second siderophore biosynthesis and transport gene cluster, ciuABCDEFG (GEI19). The search for pathogenicity islands in the genomes of C. diphtheriae led to the detection of 10 additional islands not present in strain NCTC 13129. These PAIs include the third siderophore biosynthesis and transport gene cluster, i.e., irp2 (GEI26), additional iron transport systems (GEI34, GEI 36, GEI37, and GEI42), a collagen adhesion protein gene (GEI27), and additional gene clusters for adhesive pili (GEI30, GEI47, GEI49, and GEI52). Therefore, the extended search for PAIs in the genomes of the sequenced C. diphtheriae strains revealed new gene clusters with characteristics of horizontal gene transfer, which are probably involved in iron acquisition and the formation of adhesive pili.
Conservation and heterogeneity of pilus gene clusters in C. diphtheriae clinical isolates. Adhesive pili play pivotal roles in bacterial colonization, pathogenesis, and biofilm development (45) . Pilus assembly in corynebacteria occurs by a two-step mechanism, whereby pilins are polymerized and then covalently anchored to cell wall peptidoglycan (62) . In C. diphtheriae, a pilinspecific sortase catalyzes the polymerization of the pilus, consisting of the shaft protein, tip pilin, and base pilin (45) . By amino acid sequence homology and BLASTP searches using the pilin motif and cell wall sorting signal as queries, we identified at least two pilus gene clusters in each of the sequenced genomes from 12 C. diphtheriae clinical isolates, with C. diphtheriae HC04 harboring four pilus gene clusters (Fig. 9) . To designate each pilin according to known pilins of the reference strain C. diphtheriae NCTC 13129, ClustalW2 was employed to align the protein sequences for pilus shaft proteins and their cognate sortases. Their phylogenetic trees were then reconstructed with the neighbor- joining algorithm using MEGA 4.0 (72); similarly, the phylogenetic trees of minor pilins were produced. Built on these analyses, we assigned each pilus gene cluster according to the pilus shaft protein, i.e., SpaA, SpaD, or SpaH type (Fig. 9) . Although SpaA pilus gene clusters were found in 9 out of 12 strains, with C. diphtheriae HC04 harboring two SpaA loci, namely, SpaA1 and SpaA2, SpaA pilins are mostly conserved (Fig. 10) . Interestingly, SpaD pilins are the most divergent group among the three types of shaft proteins (Fig. 10 ) and found in all 12 strains (Fig. 9) . Only a few C. diphtheriae strains harbor the SpaH-type gene clusters, and they appear to form two clades in the phylogenetic tree, i.e., SpaH and SpaH= type ( Fig. 9 and 10) .
Significantly, cognate pilin-specific sortases display the same trend, with sequences of pilin-specific sortase SrtA for SpaA highly conserved ( Fig. 9 and 10 ). As expected, pilin-specific sortases for SpaD pili (SrtB and SrtC) are the most divergent enzymes, followed by the cognate sortase enzymes for the SpaH pili (SrtD and SrtE). Intriguingly, while all tip pilin SpaC homologs are greatly conserved, the tip pilins for the other pilus types are varied (Fig.  11) . The majority of SpaF homologs form a clade that is closer to SpaC homologs, but they are much different from two clades of SpaG pilins, one of which is extremely conserved (Fig. 11) . A second SpaF-like tip protein is encoded as part of the SpaD-type clusters in C. diphtheriae VA01 and 31A. With the exception of C. diphtheriae BH8, the base SpaB pilins are mostly conserved, and the same is true for SpaI pilins, which are present in only a few isolates (Fig. 11) . As anticipated, the base pilins for the SpaD-type pili, i.e., SpaE pilins, are also highly divergent (Fig. 11) . Of note, SpaE pilin of the vaccine strain C. diphtheriae PW8 is closer to SpaI homologs. It is also noteworthy that C. diphtheriae PW8 contains a degenerated SpaD gene cluster with multiple intact and disrupted genes encoding SpaD, SpaE, and SpaF pilins and sortases SrtB and SrtE (Fig. 9) , in addition to a SpaA locus with a disrupted spaC gene (31) . Sequences of mobile DNA elements are also detected in the SpaD locus of C. diphtheriae PW8, suggesting horizontal gene transfer for gene duplication.
DISCUSSION
The concept of the pangenome was introduced into genomic research by Tettelin and coworkers in 2005 and defined as the full complement of genes in a bacterial species consisting of the core genome and the dispensable genome (75) . The core genome contains all genes present in a collection of analyzed strains of a bacterial species, defines the major phenotypic traits of an organism, and is essential for basic cellular functions, such as growth and reproduction or maintenance and survival (53) . The variability of genome sizes of different strains is caused by the dispensable genome, which significantly contributes to the diversity of a bacterial species and provides pathways or functions which can confer selective advantages involved in strain-specific niche adaptations (16, 48) . The dispensable genome is mainly based on the gene pool available for inclusion into the bacterial genome by mechanisms of horizontal gene transfer (48) . Moreover, genome reduction by gene loss, genome rearrangements, and expansion of functional capabilities through gene duplication are forces that have shaped the microbial genome during its evolution (16) . In general, the bacterial pangenome can be classified as closed or open (77) . A pangenome is considered to be closed if the number of new genes added per newly sequenced genome converges to zero. Therefore, a closed pangenome indicates a static genomic content that is no longer expendable by genome sequencing. It is thus possible to acquire the full gene pool of such a bacterial species by adding a sufficient number of sequenced genomes. A recent systematic study on the pangenomes of 34 bacterial species demonstrated that one-third of the considered microorganisms have a closed pangenome, including the two actinobacteria Bifidobacterium animalis and Mycobacterium tuberculosis (5, 25) . A pangenome is classified as open if new genes were recognized with newly sequenced genomes of a bacterial species (77) . An open pangenome is associated with dynamic gene content and was previously calculated for the actinobacterium Bifidobacterium longum (5) . The present study compares the gene contents of 13 C. diphtheriae genomes, including the widely studied strains C. diphtheriae PW8 and C. diphtheriae C7(␤) toxϩ . Calculating the development of the corynebacterial gene content according to Heaps' law, the pangenome of C. diphtheriae was classified as open. The mean number of newly detected genes per genome is particularly low when considering the spectrum of countries, different diseases, and the points in time the sequenced C. diphtheriae strains were isolated. This result suggests that the calculated pangenome with its present gene content largely reflects the genetic diversity of the species C. diphtheriae. Differences in the gene contents of C. diphtheriae strains were mainly found in genomic islands located around the origin of replication and showing several characteristics of horizontal gene transfer (68) . The specific location of genomic islands could be related to structural constraints of the bacterial chromosome or the accessibility of different chromosomal regions to foreign DNA elements such as insertion sequences. The detected genomic islands are embedded in a highly stable genomic backbone accounting for 70% of the gene content of C. diphtheriae. This profound stability of the core genome is characteristic of corynebacterial species lacking recombination enzymes generally involved in genomic rearrangements (81) . The absence of these enzymes in C. diphtheriae prevents a rapid evolution of the core genome by recombination and suggests that intraspecific differences are probably related not to a large extent to variations in the genome's architecture but to differences in the distinct gene repertoires of different strains. The detected genomic islands account significantly for the genetic diversity of C. diphtheriae, as the dispensable genome constitutes about 30% of the gene content of each strain. A comprehensive comparative work on the open pangenome of E. coli estimated a core genome of 1,472 conserved gene families and a pangenome of 13,296 gene families comprising the full complement of genes (44) . Some of these variable genes tend to be colocalized on genomic islands of the E. coli chromosome. In contrast to C. diphtheriae, the variable gene content of this enterobacterial species makes up more than 90% of the pangenome (44) .
A marked difference between the C. diphtheriae strains is the presence of tox ϩ prophages that were identified in five genome sequences. Analysis of the prophage regions revealed that the toxϩ phage of C. diphtheriae PW8 is homologous to the common ␤ toxϩ phage but present twice as a nontandem repeat. These genome data confirm a previous report, suggesting a second integration of the tox ϩ corynephage and thus a gene dosage effect as a cause for the high-level synthesis of diphtheria toxin in C. diphtheriae PW8 (59) . Moreover, the genomic sequences revealed the presence of a new tox ϩ corynephage that was identified in the genome of C. diphtheriae 31A. The genome sequence of the prophage shows similarities to the ␤ toxϩ corynephage and the cryptic prophage CULC22IV from C. ulcerans BR-AD22 (79) . Extensive similarity to the ␤ toxϩ phage was observed in the tox gene region, whereas the components of the basic phage machinery are more similar to CULC22IV. This result indicates that the genome architecture of tox ϩ corynephages is more diverse and that additional phages contribute to the spread of the tox gene in the human population. Diversity of the gene repertoire was also detected in regulons contributing to iron homeostasis in C. diphtheriae, including genes for iron transport systems, iron-dependent pro- teins, and the diphtheria toxin. These variations are based on differences in gene composition due not only to gene gain or gene loss but also to the depletion of DNA binding sites for the responsible regulator DtxR. As iron plays a vital role in bacterial infections due to its restricted availability in the host and functions as major environmental signal, proteins involved in iron acquisition are recognized as essential virulence factors during the infection of a mammalian host (21) . Therefore, variations in the regulatory network of DtxR might lead to differences in iron supply of the bacterial cell, thereby influencing the expression of the tox gene and the virulence of the C. diphtheriae strains.
A remarkable outcome of this study is the detection of a great variety of pilus gene clusters encoding adhesive pili in C. diphtheriae. The pilin gene clusters of the tox ϩ isolate C. diphtheriae NCTC 13129 were intensely studied in recent years (18, 71, 78) . It was demonstrated that the assembly process depends on pilinspecific sortases as well as the housekeeping sortase and that the SpaA-type pilus is necessary for the specific adherence of C. diphtheriae to human pharyngeal epithelial cells (46, 70) . The protein components of the pilus, i.e., shaft protein, tip pilin, and base pilin, showed a great diversity in their amino acid sequences, and most of their encoding genes were assigned as singletons during the pangenome analysis. This result implies that important variations exist on the cell surface of toxigenic and nontoxigenic C. diphtheriae strains that are relevant for the initial step of an infection. Different degrees of attachment of C. diphtheriae strains to HEp-2 cell monolayers were reported previously (27) . Differences in adhesion of C. diphtheriae C7(Ϫ) and C. diphtheriae PW8 to Detroit 562 cells were also reported, and PW8 showed a reduced level of adherence compared with C7(Ϫ) (29) . Mutations in the base pilin SpaB and the tip pilin SpaC of the SpaA-type pilus were shown to reduce the adhesive activity of C. diphtheriae (46) . In C. diphtheriae PW8, the spaC gene is characterized by a frameshift mutation (31) , and almost all genes of the complex SpaD pilus gene cluster of PW8 are apparently inactivated by transpositional integration of insertion sequences. However, factors other than pili can contribute to cell adhesion of C. diphtheriae, including members of the resuscitation-promoting factor-interacting protein family (DIP1281) and the cell wall-associated hydrolase family (DIP1621). Both enzymes are encoded by the core genome and probably contribute indirectly to adhesion of C. diphtheriae, as they are involved in organizing the corynebacterial cell surface (36, 55) . The high degree of diversity of pilus gene clusters in C. diphtheriae shows that the process of adhesion could be more diverse than initially anticipated. Comparative analysis of adhesion properties of the sequenced C. diphtheriae strains are now necessary to experimentally detect and describe differences in adhesion to mammalian host cells. The enormous collection of variable pilus gene clusters detected in this pangenome project may reveal novel and more detailed insights into adhesion properties of C. diphtheriae.
